Genetic linkage maps are essential for comparative genomics, high quality genome 25 sequence assembly and fine scale quantitative trait locus (QTL) mapping. In the 26 present study we identified and genotyped markers via restriction-site associated 27 DNA (RAD) sequencing and constructed a genetic linkage map based on 1,597 SNP 28 markers of an interspecific F2 cross of two closely related Lake Victoria cichlids 29 (Pundamilia pundamilia and P. sp. "red head"). The SNP markers were distributed on 30 22 linkage groups and the total map size was 1,594 cM with an average marker 31 distance of 1.01 cM. This high-resolution genetic linkage map was used to anchor the 32 scaffolds of the Pundamilia genome and estimate recombination rates along the 33 genome. Via QTL mapping we identified a major QTL for sex in a ~1.9 Mb region on 34
Introduction 39
The haplochromine cichlid lineage of the East African Great Lakes is famous for 40 forming large adaptive radiations often in exceptionally short time, resulting in 41 several hundred species each in Lakes Malawi and Victoria, and dozens of species 42 each in several smaller East African Lakes (Kocher 2004; Seehausen 2015) . The Lake 43
Victoria haplochromine cichlid radiation stands out in being the youngest (~15,000 44 years) showing a high degree of diversity in morphology, behavior and ecology 45 (Greenwood 1974; Seehausen 1996) . An abundance of studies have been published on 46 the evolution of Lake Victoria cichlids, providing insight to colonization history (Nagl 47 In the present study we construct a linkage map of an interspecific F2 cross between 108 two very closely related Lake Victoria cichlid species (Pundamilia pundamilia and P. 109 sp. "red head). The map was build using 1,597 SNPs identified and genotyped via 110 restriction-site associated DNA (RAD) sequencing with an average marker distance of 111 1.01 cM. We then used the linkage map to anchor the scaffolds of the P. nyererei 112 reference genome to the 22 linkage groups of the map and to perform a QTL analysis 113 for putative sex determination loci in Pundamilia. We identify the LG determining 114 sex in a Lake Victoria cichlid cross, as well as potential candidate genes for sex 115 determination and put these findings into the context of sex determination evolution 116 within a rapidly radiating clade of fish. 117 118 119
Materials and Methods 120

Mapping family and RAD sequencing 121
The genetic cross was started with a lab bred Pundamilia sp. "red head" male from 122
Zue Island in Lake Victoria (lab strain established from wild caught fishes by OS in 123 1993, 4 th or 5th lab generation) and a wild P. pundamilia female caught by OS at 124 shearing and size selection of 300 to 500 bp. Equimolar proportions of DNA from 11 135 to 48 individuals carrying different barcode sequences were pooled into one library. All 224 individuals (218 F2, the two grandparents and four F1) were genotyped using 163 freebayes version 1.0.0 (Garrison and Marth 2012). As a first filter, sites were kept if 164 bi-allelic, had less then 50% missing data, a quality of more than 2, a minor allele 165 frequency of more than 5%, and a minimal depth of 3. Utilising a script established to 166 filter freebayes genotype calls based on RAD sequencing 167 (https://github.com/jpuritz/dDocent/blob/master/scripts/dDocent_filters), genotypes 168 were further excluded (thresholds given in brackets) on criteria related to allelic 169 balance at heterozygote sites (< 0.28 allele balance between reads), quality versus 170 depth (ratio <0.5), strand presentation (overlapping forward and reverse reads), and 171 site depth (one standard deviation from mean and a quality score lower than twice the 172 depth first, followed by an additional maximum mean depth cutoff of 67). Multi-173 allelic variants and indels were removed, resulting in 7,401 SNPs. Lastly, the 2,052 174
SNPs that were differentially fixed homozygote genotypes in the grandparents were 175 used for creating the linkage map. files (see Table 2 ). By comparing physical (bp) and recombination distances (cM), we 218 estimated recombination rates along the different linkage groups. First, we pruned the 219 linkage map for markers generating negative recombination rates and markers that 220 were less than 20 kb apart. Then we fitted a cubic smoothing spline to the physical 221 
Data availability 249
All genomic resources (see Table 2 ) will be made available upon publication. Raw 250 read sequencing files will be deposited on short read archive (fastq files for all 224 251 individuals). Genotype (vcf format) and phenotype file will also be made available. 252
253
Results and Discussion 254
Linkage map 255
The linkage map comprises 22 linkage groups containing 1,597 markers with an 256 average marker distance of 1.01 cM adding up to a total map length of 1593.72 cM 257 ( Figure 1, Table 1 ). It is slightly longer than other maps published on Lake Victoria Together with the improved reference, we provide chain files to liftover positions 288 from the previous version (v1.0) to the new chromosome level resolved reference 289 version (v2.0). We further provide a matching annotation file based on the NCBI 290 annotation (see Table 2 for a complete list of all genomic resources). Finally, we 291 estimated recombination rates and show that those are highly variable across the 292 genome ranging from 0 to 9.4 cM/Mb (Table 2) , with a mean recombination rate of 293 2.3 cM/Mb. Knowledge of fine-scale patterns of recombination rate variation (see 294 Figure 4C ) will be useful for future studies of adaption and speciation (Stapley et al. 295 2017) in the exceptional species radiation of Lake Victoria cichlids. 296 297
Characterization of sex-determination in Pundamilia 298
Our knowledge of sex determination in Pundamilia, a prime model system of 299 sympatric speciation in Lake Victoria, had been limited. Here, we mapped sex to Pun-300
LG10, which is homologous with Ore-LG23 (Figure 3 ; p << 0.001, LOD = 26.5). We 301 did not find any further associations on any of the other LGs. Ore-LG23 has been 302 previously identified as one potential sex-determining LG in Oreochromis (Cnaani et Figure 4B ) in total covers four markers and spans a region of ~1.9 Mb (Figure 4C) . 320
The marker showing the strongest association with sex in our study ( Figure 4A ) 321 explains 44% of the phenotypic variance in sex. Sex is not entirely explained by this 322 marker as we had misidentified two likely sub-adults (gonads appear not developed at 323 hindsight inspection) as females, and due to 106 individuals, both males and females, 324 which are heterozygous at this position ( Figure 4A ). Repeating the mapping 325 procedure for those individuals again identified a region on Pun-LG10 (Ore-LG23) as 326 weakly associated with sex (p = 0.177, LOD = 3.33, position right to previous interval determining sex directly, but that the causal locus can be found close by and indicates 329 that there are no further major genetic determines of sex segregating in this cross. 330
Investigating the segregation patterns in the larger of the F2 mapping-families (n = 331 122) more in detail, the loci selected to built the map, reciprocal homozygous in F0 332 female (AA) and male (BB) and heterozygous in both F1 (AB), segregate as expected 333 in a 50:50 ratio of AA:AB in F2 females and AB:BB in F2 males ( Figure 5A) . 334
However, evaluating segregation patterns of the additional markers genotyped but not 335 used for the construction of the linkage map, indicate that the sex determination 336 system on Pun-LG10 is male heterogametic (XY, Figure 5B ). We identified 57 loci 337 between 0 and 35 Mb that were homozygous in the F0 and F1 females and 338 heterozygous in the F0 and F1 males; these markers are similarly homozygous in all 339 F2 females and heterozygous in all F2 males, consistent with females being XX and 340 males being XY ( Figure 5B Figure 4C ). Such a pattern, potentially due to 349 suppressed recombination in the heterogametic sex (males), might indicate initial 350 steps toward the evolution of a heteromorphic (degenerated) sex (Y) chromosome 351 (Charlesworth, 1991) . 352
353
Within our mapping interval of ~1.9 Mb, 65 genes, based on the NCBI annotation for 354 the new Pundamilia reference assembly, can be found (Table S1) They might in this matter act as so-called "newcomers" (Herpin and Schartl 2015). 374
Our results indicate that in the Lake Victoria cichlid Pundamilia Pun-LG10 (Ore-LG 375 23) acts as an (evolving) sex chromosome, even though it might not be the only 376 region controlling sex in Pundamilia. The anti-müllerian hormone amh (or a derived 377 copy) appears to be a very good candidate influencing sexual development in 378
Pundamilia, but further work is warranted to characterize the genomic candidate 379 region and the impact of this candidate gene on sex determination. 380 381 A recent meta-analysis showed that transitions between sex determination systems are 382 frequent across various fish species, including transitions to and between 383 heteromorphic sex chromosomes (Pennell et al. 2018 ). In cichlids a high turnover of 384 sex determination systems was described in Lake Malawi (Ser et al. 2010 that multiple sex determining systems segregate among the species of Lake Victoria 390 cichlid fish as well. This is consistent with early work on sex determination in this 391 group . Given the extreme youth of the Lake Victoria species 392 radiation (~15,000 years; Seehausen 2006), this may be surprising at first. Recent 393 work, however, has shown that much of the genetic variation in the radiation is much 394 older than the species radiation and took its origin in a hybridization event between 395 two anciently divergent cichlid lineages from which all 500+ species of the radiation 396 evolved (Meier et al. 2017a) . It is tempting to speculate that the variation in sex 397 determination systems between and within species of this radiation traces its roots to 398 these ancient lineages too, something that can now be tested. We thank Katie Peichel for her critical input during the analysis of the data and 464 manuscript preparation. We thank Andreas Taverna, Alan Smith, and Ola Svensson 465 for fish maintenance and breeding. We thank David Marques for lifting over the 466 annotation file. We thank the team from the Genetic Diversity Center (GDC) at ETH 467 Zürich for bioinformatics support. Genomic analyses were performed using the 468 computing infrastructure of the GDC and the Euler computer cluster at ETH Zurich. 
